Impaired glucose tolerance (IGT) is characterized by insulin resistance and causes atherosclerosis. Hyperhomocysteinemia is associated with insulin resistance and predicts cardiovascular diseases. In this study, we assessed the possible association between homocysteine and IGT.
Background
Homocysteine (Hcy) is a sulfur-containing amino acid formed during the metabolism of methionine. Hyperhomocysteinemia (HHcy) has been widely considered as the major determinant of the various cardiovascular diseases [1] . Although endothelial dysfunction [2] , oxidative damage [3] , and inflammation [4] have been demonstrated to be involved in the detrimental effects of HHcy on the cardiovascular system, the mechanisms by which HHcy accelerates cardiovascular diseases still need further investigation.
Accumulating evidence has showed that HHcy is correlated with hyperinsulinemia and increased insulin resistance [5, 6] , although there has been a negative correlation or no association between Hcy and the insulin resistance or insulin levels reported in some research [7, 8] . Insulin resistance and hyperinsulinemia are the predictors of cardiovascular diseases [9] . Thus, the correlation between HHcy and increased insulin resistance or hyperinsulinemia might be one of the major causes of the cardiovascular diseases induced by HHcy.
Diabetes increases cardiovascular risk. Based on previous research, increased concentrations of Hcy have been found in diabetes [10, 11] . However, the relationship between HHcy and insulin resistance diseases is unclear. A number of studies have found that the HHcy promotes the development of insulin resistance diseases, such as metabolic syndrome and type 2 diabetes [12] [13] [14] , although this effect has been questioned by some other studies [7] . Impaired glucose tolerance (IGT), an intermediate stage between normal glucose tolerance (NGT) and overt type 2 diabetes, may be induced by insulin resistance and can lead to the development of type 2 diabetes [15] and cardiovascular diseases [16] . However, the precise mechanisms have not yet been fully defined.
Therefore, it is of interest to assess the association between Hcy and IGT. However, to the best of our knowledge, whether Hcy is involved in the etiology of IGT has not been reported. In this cross-sectional study, we investigated the possible link between Hcy and the probability of being IGT.
Material and Methods

Participants
In this cross-sectional study, the sample sizes of IGT participants or NGT participants were calculated as more than 10 times of the number of variables which were adjusted in the logistic regression analysis to determine the parameters that were independently associated with IGT. These variables, verified from sex, age, body mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure (DBP), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglycerides (TG), and Hcy, were significantly different between IGT patients and normal glucose tolerance (NGT) subjects. Thus, the sample size for each group was more than 100.
The 75-g oral glucose tolerance test (OGTT) was performed for each participant to identify their stage of glucose metabolism. There were 118 consecutive participants diagnosed with IGT (the IGT group) and 128 consecutive subjects with NGT (the NGT group), as defined by the American Diabetes Association criteria [17] , eligible for the study from October 2015 to July 2016, from a group of outpatients at the Department of Endocrinology, Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China.
All participants (males and females) included in the study ranged in age from 30 to 70 years, accepted to answer the questionnaire and donate blood samples, and provided written informed consent. Each person could participate only once in the study.
The following exclusion criteria for the IGT group were applied: diabetes, impaired fasting glucose, and normal glucose tolerance. None of the NGT group subjects had a history of prediabetes (including impaired fasting glucose and impaired glucose tolerance) or diabetes. People with hypertension, coronary artery disease, endocrine disease, systemic inflammatory disease, infectious disease, cancer, liver or renal function impairment were excluded from both groups. People taking vitamins or folic acid, using lipid-lowering agents, or being treated with drugs which could affect glycometabolism were also excluded from the study.
The study protocol was approved by the Medicine and Pharmacy Ethics Committee of Beijing Chao-Yang Hospital, Capital Medical University (no. 2014-ke-135). Written informed consent was obtained from each participant.
Data collection and laboratory tests
A complete medical history was obtained from each participant, including duration and treatment of any disease. Blood pressure was measured using a calibrated mercury sphygmomanometer. All readings were measured from the non-dominant arm after a 5-minute rest, with the patients in the sitting position. Weight and height were measured, without shoes and in light clothing, to the nearest 0.1 kg and 1×10 -4 m, respectively, by the same trained group. BMI was computed by weight (kg)/[height (m)] 2 . Blood samples were collected in the 2776 morning after an 8-hour overnight fast. Blood samples of all participants were stored at -80°C.
TC, HDL-C, LDL-C, TG, fasting insulin (FINS), fasting blood glucose (FBG), 2-hour postchallenge glucose (2hPG), and Hcy were assessed in the central laboratory of Beijing Chao-Yang Hospital, Capital Medical University. Serum insulin levels were determined by the electrochemiluminescence method using an Elecsys-2010 Automatic Electrochemical Immuno-analyser (Roche Corporation). Hcy concentrations were determined by the clinical chemistry method. Blood glucose levels were detected using the glucose oxidase method. Blood lipids were detected as follows: TC was measured by an enzymatic cholesterol oxidase reaction, HDL-C and LDL-C were measured by the direct assay, and TG was measured by a glycerol lipase oxidase reaction. Serum glucose, lipid, and Hcy levels were analyzed using a Dade Behring Dimension RXL Max Chemistry Analyzer (Siemens, Germany). The insulin resistance was measured based on the following formula: the homeostasis model assessment for insulin resistance (HOMA-IR) was measured as FBG (mmol/L)×FINS (mIU/L)/22.5.
Statistical analysis
All analyses were performed using Statistical Package for Social Sciences version 19.0 (SPSS, Inc., Chicago, IL, USA).
The normality of the data distribution was verified using the Kolmogorov-Smirnov test. Normally distributed data are expressed as means ± standard deviations. Non-normally distributed data are expressed as medians with 25 th and 75 th percentiles. Comparisons of the clinical and biochemical markers between the 2 groups were performed using the independentsamples t test and the Mann-Whitney U Test. Proportions were analyzed using the chi-squared test. The associations between Hcy and other parameters were examined using Pearson's and Spearman's correlation coefficient analyses. Hcy did not fit a normal distribution in our present study. However, the data were normally distributed after logarithmic transformation. Variables with a p value < 0.05 in Pearson's and Spearman's correlation coefficient analyses were retained for the multiple stepwise regression analysis of the association between the parameters and Hcy. Additionally, variables (except for parameters of glucose metabolism) which were statistically different between 2 groups were retained for the logistic regression analysis to determine the variables that were independently correlated with IGT. In all statistical tests, p values <0.05 were considered significant, and all tests were two-sided. IGT group -subjects with impaired glucose tolerance; NGT group -subjects with normal glucose tolerance; BMI -body mass index; SBP -systolic blood pressure; DBP -diastolic blood pressure; TC -total cholesterol; HDL-C -high-density lipoprotein cholesterol; LDL-C -low-density lipoprotein cholesterol; TG -triglycerides; FBG -fasting blood glucose; 2hPG -2-hour postchallenge glucose; FINS -fasting insulin; HOMA-IR -homeostasis model assessment for insulin resistance; Hcy -homocysteine.
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Results
Clinical characteristics of individuals in the IGT and NGT groups
The clinical characteristics of the participants are summarized in Table 1 .
Levels of Hcy in the IGT and NGT groups
The levels of Hcy were significantly higher in the IGT group than those in NGT group [18.00 (14.00, 22.25) μmol/L vs. 12.50 (9.00, 15.00) μmol/L, p<0.001] (Figure 1 ). Multiple stepwise regression analysis was performed to determine which parameters were independently associated with Hcy. The results showed that after adjusting for the confounders, the increased FINS (b=0.050, p<0.001) was independently related to high Hcy (Table 3) . The model had an adjusted R-squared value of 0.374 (F=147.085 and p<0.001).
Correlation between Hcy and other parameters
Logistic regression analysis of the parameters associated with IGT
The adjusted results of the logistic regression analysis of the associations between the parameters and IGT are shown in Table 4 . TG, Hcy, and HDL-C were independently associated with IGT: TG (OR=1.177, p<0.001) and Hcy (OR=1.508, p=0.007) were positively associated with IGT, and HDL-C (OR=0.315, p=0.026) was inversely associated with IGT.
Discussion
In the present study, patients with IGT presented significantly higher levels of Hcy than subjects with NGT, similar to several previous studies reporting that the increased levels of Hcy were documented in patients with both type 1 and type 2 diabetes [10, 11] . IGT is characterized by high postprandial blood glucose levels, which are frequently correlated with more damaging effects on the vasculature, including the activation of abnormal vasomotion, up-regulated inflammatory responses, increased oxidative stress, and an extensive procoagulant state [18] . However, the mechanism by which IGT interferes with the cardiovascular system has not been fully defined. A growing body of evidence shows the effects of nontraditional atherosclerotic risk factors, such as HHcy.
Hcy was positively associated with FINS and HOMA-IR in our study. These findings were in contrast to some studies suggesting that there was no relationship or a negative link between Hcy and the insulin levels or insulin resistance [7, 8] . However, most recent studies indicated that HHcy was associated with hyperinsulinemia or high insulin resistance in patients with insulin resistance diseases [5, 6] . In addition, the attenuation in Hcy has been demonstrated to be associated with the decrease in insulin resistance and the improvement in endothelial function in individuals with metabolic syndrome who take vitamin B12 and folic acid [19] . It is possible that these controversial data might be induced by the poly-pharmacotherapy and other confounding parameters of the study populations, such as age, sex, or race.
The positive association between HHcy and elevated insulin resistance or hyperinsulinemia might be caused by the insulin-mediated reduction in the activity of key enzymes which govern the remethylation pathway or control the transsulfuration pathway [20, 21] . Additionally, Hcy thiolactone has been documented to repress insulin signaling through elevating oxidative stress [22] . Moreover, both interleukin (IL) -6 and insulin resistance have been reported to be independently related to Hcy values in type 2 diabetes [23] . HHcy has been found to promote IL-6 produced by monocytes and endothelial cells [24, 25] , and IL-6 is likely to suppress insulin signaling and increase insulin resistance [26] . Hence, the activation of IL-6 links HHcy to high insulin resistance and hyperinsulinemia. Furthermore, HHcy induces endoplasmic reticulum stress, activates c-Jun N-terminal kinase, promotes inflammatory cytokine production, and facilitates macrophage infiltration, which could lead to reducing insulin sensitivity in adipose tissue [27] .
Insulin resistance and hyperinsulinemia have been proposed as the predictors of cardiovascular diseases [9] . Large prospective studies have shown that fasting insulin values and insulin resistance are positively correlated with the risk of atherosclerosis or the incidence of major cardiovascular events [28, 29] . Numerous abnormalities have been documented as a probable explanation of atherosclerosis caused by increased insulin resistance or hyperinsulinemia, such as abnormal LDL-C particles, endothelial dysfunction, elevated oxidative stress, increased expression of adhesion molecules, and decreased fibrinolytic activity [30] . We found that HHcy was related to hyperinsulinemia, and insulin resistance linked HHcy to cardiovascular diseases.
In addition, obesity, hypertriglyceridemia, and low HDL-C levels predict high insulin resistance and are the main causes of atherosclerotic diseases. Our present results of the positive relation between Hcy and BMI and TG, and the finding of the inverse correlation between Hcy and HDL-C also show the correlation between HHcy and atherogenesis [1] .
Importantly, we reported for the first time in the present crosssectional study that HHcy might be independently associated with the probability of being IGT. HHcy has been proven in recent studies to promote the progression of metabolic syndrome [12, 13] and type 2 diabetes [14] , which are characterized by insulin resistance. However, it unclear whether HHcy portends the progression of insulin resistance diseases. Table 4 . Logistic regression of the parameters associated with IGT.
IGT -impaired glucose tolerance; SE -standard error; OR -odds ratio; CI -confidence interval; HDL-C -high-density lipoprotein cholesterol; Hcy -homocysteine; TG -triglycerides. Adjustment for BMI body mass index; HDL-C -high-density lipoprotein cholesterol; LDL-C -low-density lipoprotein cholesterol; TG -triglycerides; Hcy -homocysteine.
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The results of the positive link between Hcy levels and insulin values and insulin resistance might partially explain the potential mechanism by which HHcy stimulates the earlier initiation of hyperglycemia. Recent studies have documented that insulin resistance is an independent risk factor for the progression of abnormal glucose metabolism [31] . Insulin resistance drives a compensatory elevation in insulin secretion during the compensatory stage of glucose metabolism and the early stage of abnormal glycometabolism [32] . However, if insulin resistance is sustained, the insulin secretion will eventually decrease, with the deterioration of b cell function due to the chronic overload of islet b cells. When insulin production is insufficient, overt hyperglycemia will appear. Hence, IGT might be the result of chronic exposure to severe insulin resistance and hyperinsulinemia, which is at least partly induced by HHcy. Therefore, patients with HHcy might be at high risk for IGT.
Oxidative stress might also be involved in the precise mechanism linking HHcy to abnormal glycometabolism. HHcy inhibits the synthesis of glutathione (GSH), the major intracellular antioxidant. The depletion of GSH is related to high oxidative stress [33] . Several studies have suggested that oxidative stress occurs in the context of type 2 diabetes pathology [34, 35] . Thus, HHcy might also promote hyperglycemia partially through oxidative stress-mediated parthenogenesis.
Moreover, high TG [36] , low HDL-C [37] , and abdominal adiposity [38] have been demonstrated to predict the development of IGT in some prospective studies. In our previous study, apolipoprotein A-I, a major apolipoprotein constituent of HDL-C, was found to be independently correlated with IGT [39] . In our present study, Hcy levels were found to be positively associated with BMI and TG, and to be negatively correlated with HDL-C, which might also suggest that HHcy is the factor influencing the probability of being IGT.
The limitations of our study are as follows. First, our study population was limited to Chinese individuals. Therefore, our results may not be directly applicable to other populations. Second, our research was a single-center study, and our sample size was small; hence, our results were not powerful enough to account for potentially confounding factors in our analyses, and our findings might have been improperly affected by some outliers. Third, the cross-sectional design of the present study does not allow us to determine the existence of a causal relationship, but rather provides evidence for the association between HHcy and having impaired glucose tolerance. Our study certainly raises credible hypotheses to be confirmed and extended by future prospective cohort and mechanistic studies. A follow-up study will be necessary to evaluate whether HHcy independently promotes disease progression. Fourth, our study estimated insulin resistance based on HOMA-IR rather than by a more precise method, such as the hyperinsulinemic euglycemic clamp technique. Fifth, we did not detect vitamin B12 or folic acid concentrations, which might affect Hcy values [40] . However, individuals who had been treated with vitamins or folic acid were excluded from our research to limit their influences on Hcy.
Conclusions
We reported that there might be a significant increase of Hcy in patients with IGT compared with subjects with NGT, and found that there might be a positive correlation between Hcy values and fasting insulin levels. More importantly, we demonstrated that there might be an association between HHcy and the probability of having impaired glucose tolerance. These results indicate that Hcy might play a critical role in regulating glucose metabolism.
